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Abstract

Photoelectric properties of the metamorphic InAs/InxGa1 − xAs quantum dot (QD) nanostructures were studied at
room temperature, employing photoconductivity (PC) and photoluminescence spectroscopies, electrical measurements,
and theoretical modeling. Four samples with different stoichiometry of InxGa1− xAs cladding layer have been grown:
indium content x was 0.15, 0.24, 0.28, and 0.31. InAs/In0.15Ga0.85As QD structure was found to be photosensitive in the
telecom range at 1.3 μm. As x increases, a redshift was observed for all the samples, the structure with x= 0.31 was found
to be sensitive near 1.55 μm, i.e., at the third telecommunication window. Simultaneously, only a slight decrease in the
QD PC was recorded for increasing x, thus confirming a good photoresponse comparable with the one of In0.15Ga0.75As
structures and of GaAs-based QD nanostructures. Also, the PC reduction correlate with the similar reduction
of photoluminescence intensity. By simulating theoretically the quantum energy system and carrier localization
in QDs, we gained insight into the PC mechanism and were able to suggest reasons for the photocurrent
reduction, by associating them with peculiar behavior of defects in such a type of structures. All this implies
that metamorphic QDs with a high x are valid structures for optoelectronic infrared light-sensitive devices.
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Background
Metamorphic InAs/InxGa1 − xAs QD nanostructures have
attracted much interest in the last decade owing to many
benefits [1–7]. Their most attractive feature is that, by
growing the QDs on an InGaAs metamorphic buffer (MB),
one can achieve a significant reduction of the transition en-
ergy between the QD levels [8] with respect to conven-
tional In(Ga)As/GaAs QD structures. This occurs due to
the decrease of InAs QD bandgap as a result of the lattice
mismatch reduction between InAs QDs and InGaAs buffer
and, hence, the strain in QDs [9–11]. So, the application of
a MB as a confining material allows to shift the emission
wavelength value deeper into the infrared (IR) range, in
particular, into the telecommunication windows at 1.3 and

1.55 μm, while maintaining a high efficiency [4, 12, 13].
Furthermore, metamorphic QDs have shown interest-
ing properties such as (i) a high QD density [14], (ii)
the possibility to widely tune QD and wetting layer
(WL) levels [10, 15], and (iii) good performances of ac-
tive elements in light-emitting devices [16]. However,
the recent investigations of deep levels in metamorphic
QDs showed that, despite InAs/In0.15Ga0.85As QD
structures having a total defect density close to the QD
layer comparable to that of InGaAs/GaAs pseudo-
morphic QDs, metamorphic structures with higher x
demonstrated higher defect densities [17, 18].
Metamorphic InAs QD structures have found successful

applications in the design and fabrication of IR photonic
and light-sensitive devices, such as lasers [19, 20], single-
photon sources [3, 7, 21, 22], and solar cells [23–25].
In(Ga)As QD photodetectors based on interband and
intersubband transitions are currently actively investigated
for enhanced detection from near-IR to longwave-IR
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ranges due to their response to the irradiation at normal
incidence [26–30]. For instance, the intersubband transi-
tions of electrons between quantum-confined levels and
continuum states can be engineered by embedding InAs
QDs in InGaAs layers [29–32], as this design allows to
tune the detection peak wavelength, to control the re-
sponse by an externally applied bias and to reduce the
dark current [33, 34]. To date, there are no papers about
the implementation of metamorphic QD structures in
photodetectors.
The key role for the development of this area is the

preservation of a high emission efficiency and photo-
sensitivity of metamorphic QD structures that need to
be at least comparable with those of conventional InAs/
GaAs QD structures [1, 5, 35]. A lot of studies were car-
ried out in the fundamental and application fields to
develop structure design [6, 14, 21], to improve photo-
electric properties [5, 13], and to control/reduce strain-
related defects in the heterostructures [4, 36, 37].
Hence, InAs/InxGa1 − xAs metamorphic QD nanostruc-

tures are interesting nanostructures, which allow to have
emission or photoresponsivity in the 1.3- and 1.55-μm
IR ranges [1–7]. Furthermore, it was reported by us earl-
ier that vertical InAs/In0.15Ga0.75As QD structures can
maintain photosensitivity comparable to the GaAs-based
ones [5]. However, such metamorphic structures are sel-
dom studied in photoelectric measurements with a lat-
eral geometry, where the photocurrent proceeds through
in-plane transport of carriers across channels between
two top contacts. Commonly, the QD layers along with
the associated WL form these conductivity channels in
the lateral geometry-designed GaAs-based structures
[38]. Owing to this peculiar type of conductivity, QD
photodetectors with the lateral transport are believed to
have potential for a high photoresponsivity [39, 40]. An
in-depth study of metamorphic InAs/InGaAs QD nano-
structures in the lateral configuration can provide a fun-
damental knowledge about the photoconductivity (PC)
mechanism and efficiency of the in-plain carrier trans-
port. In our recent paper devoted to the defects in meta-
morphic QD structures [17], we reported lateral PC
measurements at low temperatures, considering only the
IR spectra edges originating from defects. However, we
believe that a proper characterization and fundamental
investigation of the structure at room temperature can
give precious insights for further improvements of novel
light-sensitive devices as near-IR photodetectors, linear
arrays, and camera matrixes, by implementing meta-
morphic QDs.
In the present work, we studied in-plane photoelectric

properties of the metamorphic InAs/InxGa1 − xAs QD
nanostructures grown by molecular beam epitaxy with dif-
ferent In composition x, employing PC and photolumines-
cence (PL) spectroscopies, lateral electrical measurements,

and modeling calculations. In particular, we focused on
the observation of a possible redshift of the QD layer
photoresponse toward the IR beyond 1.3 μm while pre-
serving photosensitivity alike for In0.15Ga0.85As and GaAs
QD light-sensitive structures. A high photosensitivity in
the near-IR wavelength range at room temperature is an
indication that these nanostructures can be useful not
only for devices based on interband transitions but also
for intersubband photodetectors working beyond 10 μm.

Methods
Sample Preparation and Description
The studied structures schematically shown in Fig. 1
were grown by molecular beam epitaxy. Firstly, a
semi-insulating (100) GaAs substrate was covered by
a 100-nm thick GaAs buffer at 600 °C, followed by
the deposition of an undoped InGaAs MB 500 nm in
thickness at 490 °C. Then, after the prior growth
interruption of 210 s to cool down the substrate, 3.0
MLs (monolayers) of InAs were grown at 460 °C. Fi-
nally, these self-assembled QDs were covered by
20 nm of undoped InxGa1 − xAs with the same MB
stoichiometry. Four samples with different stoichiom-
etry of InxGa1 − xAs cladding layer have been fabri-
cated: In content x was 0.15, 0.24, 0.28, and 0.31.

Theoretical Modeling
For metamorphic structure designing as well as under-
standing of the energy profile, the calculations of the
quantum energy system composed by In(Ga)As QDs,
undoped MB, and cap layer were carried out by using
the Tibercad software [41] that we demonstrated to be

Fig. 1 Color online. Scheme of the metamorphic InAs/InxGa1 − xAs QD
structures and their connection for the photoelectric measurements
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adequate to simulate the optical properties of semicon-
ductor low-dimensional nanostructures [2, 15, 42].
We consider an InAs QD with truncated conical shape

and sizes taken from experimental atomic force micros-
copy data [14]; we include the presence of InAs WL,
which parameters depend on the InxGa1 − xAs meta-
morphic layer properties [15].
First, strain calculations for the structure are made, by

calculating the strain tensor components of the QD, in-
duced by the mismatch fQD between the QD and MB,
defined as

f QD ¼ aInAs–aMB xð Þ½ �=aMB xð Þ ð1Þ
where aMB(x) is the lattice parameter of InxGa1 − xAs MB
and aInAs is the lattice parameter of InAs. Then, band
profiles for QDs and embedding layers depend on the
deformation potentials of the relevant materials (InAs
for QDs and WLs and relaxed InGaAs for MB).
Finally, the Schrödinger equation

Hψ¼Eψ ð2Þ
is solved in the envelope function approximation by a
single-band, effective-mass approach for electrons and 6
bands k•p approach for holes, where the 3D Hamilton-
ian is

Ĥ ¼ −
η2

2
∇ r

1
m E; rð Þ

� �
∇ r þ V rð Þ; ð3Þ

with V(r) being the 3D potential.

Such an approximation is considered satisfying when
carrying on QD ground state calculation [2]. Ground
levels for electrons and heavy holes are thus obtained,
alongside their probability densities. Photoluminescence
emission energies were derived by taking the energy dif-
ference between confined levels for electrons and heavy
holes, reduced by 20 meV to take into consideration ex-
citonic effects.
A more detailed description of model calculations can

be found in Ref. [2].

Photoelectric Characterization
For the lateral photoelectric measurements, two InGa
eutectic surface contacts were deposited over 5 × 2 mm
pieces of the structures. Measured linear I–V character-
istics given in Fig. 2 have confirmed the contact ohmi-
city. The current flowing through the samples was
measured by a Siglent SDM3055 multimeter, using a
standard dc technique [43, 44] as a voltage drop across a
series load resistance RL of 1 MΩ, which was much less
than the sample resistance. Photocurrent was excited by
a 250-W halogen lamp light dispersed with a prism
monochromer, and PC spectra were recorded in the
range from 0.6 to 1.6 eV [44–46]. The spectra were nor-
malized to the excitation quanta number of the light
source. PL spectra were obtained using a 532-nm laser as
an excitation source with a power density of 5 W/cm2.
All the measurements were carried out at room
temperature (300 K).

a b

c d

Fig. 2 Color online. I–V characteristics of the InAs/InxGa1 − xAs structures with x = 0.15 (a), 0.24 (b), 0.28 (c), and 0.31 (d) for the dark (black) and
under an illumination of 350 μW/cm2 (color) at energies of PL spectrum peak (QD excitation) and 1.3 eV (effective absorption in InGaAs). Insets:
photocurrent dependences on bias voltage
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Results and Discussion
PC spectra of the studied metamorphic InAs/InxGa1 − xAs
QD structures at room temperature are given in Fig. 3 to-
gether with the PL bands, which show the optical transi-
tions between QD ground states. The relative intensities
and positions of the PL bands are also shown in Fig. 4b.
Features due to the QDs, InGaAs confining layers, and
GaAs bottom layers are observed on the PC curves. The
photocurrent signal at the energies below the PL band
onsets could be related to the structure defects detected
earlier [17].
The investigated metamorphic InAs/In0.15Ga0.85As QD

structure was found to be photosensitive in the telecom
range at 0.95 eV (1.3 μm) (Fig. 3a). As x increased, a red-
shift was observed for all the samples: the structure with
x = 0.31 was found to be sensitive near 0.8 eV (1.55 μm)
(Fig. 3d), i.e., at the third telecom window [47]. The shift
is related to the reduction of the lattice mismatch be-
tween the materials of InAs QD and InxGa1 − xAs buffer
with an increase in x and, hence, a decrease in the strain
in QDs. This leads to a narrowing of the InAs QD band-
gap and, in turn, to the redshift of the PL band as well
as the photoresponse onset toward IR [1–6, 19, 35].
Simultaneously, only a slight decrease in the QD

photocurrent signal was recorded, thus confirming the
preservation of a good photoresponsivity, comparable
with that of the In0.15Ga0.75As sample. As we discussed
recently [5], metamorphic QD structures with x = 0.15

show a photoresponse very similar to those of
pseudomorphic InAs/GaAs QD nanostructures. Also,
the PC reduction correlate with the PL one as it can
be seen in Fig. 3.
Such an effect for our samples turned out to be most

notable in Fig. 2, where the I–V dependences at the dark
and under illumination at different characteristic spec-
tral points on bias voltage are shown, together with the
photocurrent dependences in the insets. Like in Fig. 3,
the photocurrent value implies just the photoinduced
part of current obtained from the total current under il-
lumination by subtracting the dark current value. These
spectral points are the PL band maximums and 1.3 eV,
where an effective band-to-band absorption in InGaAs
MB occurs. As well as for the dark I–V characteristics,
these dependencies are linear-like within the experimen-
tal error.
The best photoresponse was measured in the structure

with the minimal In content in the confining layers. It
also had the lowest dark current. The photocurrent
value at the applied excitation level (350 μW/cm2) in the
InAs/In0.15Ga0.85As structure was two to three times
above the dark current when MB was pumped. The
photoresponse at QD excitation was comparable to the
dark current; however, it should be considered that our
structures had only one QD layer. Fabrication of the
multilayered QD structures surely would lead to a
significant increase in the IR photoresponse. Other

a b

c d

Fig. 3 Color online. PC spectra of the metamorphic InAs/InxGa1 − xAs structures at room temperature and a bias of 11 V for x = 0.15 (a), 0.24 (b),
0.28 (c), and 0.31 (d). The excitation intensities for the black, red, and blue curves at 1.3 eV correspond to 88, 350, and 1400 μW/cm2, respectively.
PL spectra in arbitrary units are given for the energy positioning of QD ground state transitions. The vertical arrows mark the InGaAs bandgaps
(εg) calculated following Paul et al. [48] and spectral positons, where the PC dependencies on excitation intensity were measured (given in Fig. 5)
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structures with higher x revealed lower photocurrent
signals; the detected magnitudes at both spectral points
were approximately an order lower than the dark
current values in a wide range of the applied voltage.
The lowest photoresponse was found for the InAs/
In0.31Ga0.69As structure with the maximal MB In content.
Most probably, this photoresponsivity decrease is re-

lated to an increase in the MB defect density with x,
which was determined earlier for these structures,
employing deep level thermally stimulated current spec-
troscopy [17], that correlated well with structural ana-
lysis of such nanostructures [1]. We have reported that
the InAs/In0.15Ga0.85As QD structure had a total de-
fect density close to the QD layer comparable to
InGaAs/GaAs ones, whereas other structures with
higher In contents demonstrated higher densities of
defects like the known GaAs-related point defect
complexes EL2, EL6, EL7, EL9, and EL10 near the
QD layer and three levels attributed to extended de-
fects propagating through the buffer.
In regard to the spectrum shape (Fig. 3), above the QD

excitation, light absorption and, hence, the carrier gener-
ation occur mainly in the MB at energies above the
InGaAs confining layer bandgap εg, which values for dif-
ferent x were estimated by an empiric formula [48].
However, it is noteworthy that an increase in photon en-
ergy above εg leads to a slight decrease of the photo-
response. Naturally, this confirms that metamorphic

QDs, despite being effective recombination centers [1, 2,
12, 22], are more efficient contributors to photocurrent
than MB [5, 6, 23].
To understand the PC mechanism of this peculiarity,

one should look at Fig. 4a, where we show the calculated
QD band profiles along the growth direction for our
samples. Calculations are validated by the result of
quantum energy levels for electrons and holes: the ex-
pected PL emission energies are in agreement with the
PL QD ground state transition measured experimentally
(Fig. 4b). In Fig. 4c, we show the simulated probability
densities for confined electrons and holes, obtained by
the carrier wavefunctions calculated with the Tibercad
modelization, that indicate a higher level of localization
for heavy holes in comparison with electrons.
In order to contribute to the photocurrent signal,

electron-hole pairs generated by QD interband absorp-
tion have to escape from QDs by thermal emission. In a
previous study [49], it was established that in meta-
morphic QDs electrons and heavy holes escape simul-
taneously from QDs as correlated pairs. Moreover, it
was also demonstrated that the activation energy for
such process corresponds to the sum of the activation
energies for the two particles [50].
While studying thermal quenching of PL emission

from metamorphic QDs [10, 51], we proved that such
activation energies are equal to the sum of the energy
distance from the WL levels and QD states and go from
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Fig. 4 Color online. Modeling calculations for the metamorphic InAs/InxGa1 − xAs QD structures: a band profiles in the structures with different x
along the growth axis; b the real QD PL bands and their calculated peak positions (dashed verticals); and c probability densities of the confined
electrons and holes for the InAs/In0.15Ga0.85As QD. All the calculations of modeled structures were carried out for 300 K
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250 meV for x = 0.15 down to 150 meV for x = 0.31. As
widely discussed in Ref. [51], these values cause a strong
quenching of the PL emission at room temperature via
the thermal escape of confined carriers.
On such basis, we can infer that carriers excited in

QDs can thermally escape to WL and MB: there, elec-
trons and heavy holes are separated by the band bending
in the QD vicinity (Fig. 4a), which promotes the hole
trapping back to QDs and, while being a barrier for elec-
trons, thereby effectively suppresses their radiative re-
combination. As a consequence, heavy holes are
concentrated at the QD periphery (Fig. 4c), whereas
electrons are free to move along the potential well of
WL and MB contributing to the conductivity. It is worth
noting that in Ref. [49], it is discussed that, although
correlated during the escape process, carriers cannot be
considered as excitons at room temperature; henceforth,
they can be easily separated by the band bending in the
vicinity of QDs.
Otherwise, when exciting the MB, non-equilibrium

holes are generated in the confining layers and do re-
combine with electrons. It should be mentioned here
that the WL is known to be a conductivity channel for
nanostructures based on GaAs [52] and, in our lateral
structures designed with surface contacts, there is no
heterojunction, so carriers are efficiently collected near
the surface plane.
In Fig. 3, the fall of PC signal just above εg turned into

the rise at higher energies, e.g., above 1.3 or 1.1 eV for
sample with x of 0.15 or 0.31, respectively. This was
conceivably caused by the optical absorption closer to
the surface and QD layer, thus involving shallower traps.
As established for these structures by thermally stimu-
lated current spectroscopy and deep level transient spec-
troscopy [17, 18], the deeper electron traps are located
mainly in the InGaAs MB layer, whereas the shallower
ones are concentrated near the surface (in relation to
these samples, near the QD layer). The electrons trapped
into the shallower traps can more easily escape back to

the conduction band at room temperature. Thus, free
electrons near the QD layer are more mobile than those
excited deeper in the MB and, hence, give a higher con-
tribution to the charge transfer. Furthermore, the elec-
trons, being generated near the surface, can freely
transfer to the WL conductivity channel.
A similar drop of photocurrent following an increase

above GaAs bandgap (near 1.4 eV) was observed. This
effect might be due to the carrier generation close to the
InGaAs/GaAs interface, which is known to have a higher
density of defect states being traps and recombination
centers.
The relative contribution of different optical transi-

tions to the structure photoresponse varied with pump-
ing intensity. This is better observed in Fig. 5, which
shows photocurrent values as a function of the excita-
tion intensity at different characteristic spectral points:
the onset of the PL band (resonant excitation of the QD
ensemble) or efficient band-to-band absorption in
InGaAs (1.3 eV) and GaAs (1.5 eV).
The structures with different In contents in the con-

fining layers demonstrated similar dependencies at
equivalent spectral ranges. So, the band-to-band excita-
tion in GaAs (1.5 eV) shows a quadratic dependence at
most of intensity values. This is typical for the band-to-
band recombination of non-equilibrium charge carriers,
for instance when they are highly predominant under
the equilibrium carriers [53]: this is expectable in our
undoped structures. The dependencies in the case of ex-
citation in the QD and InGaAs confining layers are very
similar to each other but different from those for GaAs.
They are linear at low excitation intensities and become
sublinear at higher intensities. This behavior obviously
points out to the carrier recombination involving
Shockley-Read centers: the linear dependence becomes
sublinear one, as some of the centers are saturated at
higher carrier generation rates [54]. These results of
intensity-dependent measurements distinctly indicate an
efficient generation of main charge carriers at a relatively

a b

Fig. 5 Color online. Photocurrent vs excitation intensity for the InAs/InxGa1 − xAs structures with a x = 0.15 and b 0.31. The lines are the fitting by
functions f(x) ~ xα
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low recombination rate in QD embedding layers and a
much higher density of recombination centers in GaAs
layers. For example, during the QD excitation in similar
characterizations, InGaAs/GaAs QD photosensitive
structures showed a dependence from intensity as PC(I)
~ I0.25, which occurred due to a high rate of the non-
radiative recombination though defect levels along with
QD radiative recombination [40, 55]. However, it is
worth to notice that the InGaAs/GaAs structure was
multilayered having seven QD layers.
From these measurements and their interpretation,

some indications for the use of metamorphic QDs for IR
detection can be highlighted: (i) when using x > 0.15, ad-
vanced designs allowing to control strain-related defects
should be used, similar to what was done for the devel-
opment of metamorphic QDs [19, 20, 37]; (ii) multilayer
stacks of QDs (with a minimum of 10 layers) are needed
to obtain a QD PC above the dark current [27, 56]; and
(iii) as a higher confinements of heavy holes is beneficial
for the photocurrent obtained when exciting QDs, ad-
vanced designs with higher-gap barriers for heavy holes
could be considered [51, 57]. Hence, these findings can
be very useful for the design of metamorphic QDs aim-
ing at IR detection and the development of metamorphic
QD photodetectors.

Conclusions
Photoelectric properties of the metamorphic InAs/
InxGa1 − xAs QD nanostructures were studied at room
temperature, employing PC and PL spectroscopies, elec-
trical measurements, and theoretical model simulations.
The studied metamorphic InAs/InxGa1 − xAs QD nano-
structures were found to be photosensitive in the
telecommunication windows at 1.3 (x = 0.15) and 1.55 μm
(x = 0.31). However, the QD PC as well as the PL
efficiencies of the structures with higher In contents
in MB were estimated to be lower and, nevertheless,
comparable to that of the InAs/In0.15Ga0.85As struc-
ture, which has sensitivity similar to InGaAs/GaAs
QD structures. This photoresponsivity reduction is re-
lated to an increase in the MB defect density with x.
Also, thanks to modeling calculations, we provided
insights into the PC mechanism in the investigated
type of QD structures. All this implies that meta-
morphic QDs with a high x are valid structures for
optoelectronic IR light-sensitive devices, provided that
some points of concern are addressed by optimization
of the design of the nanostructure.
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